One of the primary results of studying asymmetric information as part of information economics over the last 30 years has been a theory of markets for lemons-that is, markets for goods that are likely to be of poor quality. Unfortunately, it has proven difficult to directly test the lemons theory because the causative factor-asymmetric information-implies that key quality variables are not observable. In this paper, we avoid this problem by studying the market for mortgage backed securities (MBS), a market which exhibits significant asymmetric information on an ex ante basis, but ex post reveals individual security qualities. In this market, some of the MBS produced in any given month are repackaged into multi-class security structures where certain classes enjoy higher priority claims on the underlying mortgage cash flows than others. As shown in DeMarzo and Duffie (1998), these security structures are optimal when the market values of the underlying assets are sensitive to private information held by the issuer of the securities. Utilizing a comprehensive dataset of all Freddie Mac Gold Participation Certificates (PCs) issued between 1991 and 2002, we show that, consistent with lemons theory, the PCs used to construct multi-class MBS tend to be of lower quality than other PCs. Our results suggest that structured multi-class securities, which after years of explosive growth now surpass traditional single-class securities in importance, are a market response to the problem of efficiently allocating capital when problems of asymmetric information are acute. Our results also have implications for public policies related to government sponsored enterprises.
Introduction
One benefit of studying asymmetric information as part of information economics over the last 35 years has been a theory of markets for lemons-that is, for goods likely to be of poor quality. The seminal paper by Akerloff (1970) shows how in markets with asymmetric information, only goods of the lowest quality ("lemons") are traded. Unfortunately, it has proven difficult to test the theory of markets for lemons because the causative factorasymmetric information-necessarily makes it difficult to observe the key quality variables that determine goods prices.
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In this paper, we use the market for mortgage-backed securities (MBS) to test the theory of lemons markets. Mortgage-backed securities are bonds secured by pools of residential home mortgages, with the mortgage payments passed through to the holders of the MBS. One of the largest bond markets in the U.S., the MBS market is interesting in its own right.
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In the context of testing lemons theory, however, the MBS market is of interest for two reasons. First, the market exhibits significant information asymmetries among various of its participants. Mortgage-backed securities primarily trade in broker markets with little systematic public disclosure of either transaction prices or trade volumes.
3 Moreover, the market is dominated by two government sponsored enterprises (GSEs), Fannie Mae and Freddie Mac. These GSEs have chosen not to release all of the information available to them regarding the mortgages backing MBS. 4 The market thus contains an important degree of asymmetric information ex ante concerning the prices and likely payment behavior of the mortgages in different MBS pools. However, the payment behavior of each mortgage pool is revealed ex post in terms of the rate of terminations (sum of prepayments and defaults). Termination rates are critical determinants of the ex post returns on MBS because discounted MBS (those with coupons below the current par coupon) will earn excess returns relative to other MBS if their termination rates turn out to be faster than the rates embedded in the initial market prices, and vice versa for premium MBS.
The second reason that the MBS market is of interest is that a substantial share of MBS are repackaged into multi-class securities by the GSEs and investment banks. In a multiclass securitization, some fraction of the total face value of the securities is allocated to senior bond classes with first priority claims on the cash flows of the underlying assets, while the more junior classes are impacted by low quality collateral. The prices of the securities remain efficient, since asymmetric information has little relevance to the senior classes, while the junior classes are traded among informed agents.
5 As shown by DeMarzo (2003) and DeMarzo and Duffie (1998) , these capital structures are optimal when the values of the underlying assets are sensitive to private information held by the security issuer. 6 Hence multi-class MBS can be viewed as a market response to the lemons problem that might otherwise render inoperative the market for single-class MBS. We base our empirical work on a comprehensive dataset of all Freddie Mac Gold Participation Certificates (PCs) issued between 1991 and 2002. We compare the performance of PCs used to create single-class securities versus those used to create structured multi-class securities. Our key result is that, in rising interest-rate environments, pools selected as collateral for multi-class securitizations tend to return principal at a significantly slower rate than pools that are not so selected, even after controlling for all of the publicly-available information about these pools. Similarly, in falling interest-rate environments, pools that are selected as collateral for multi-class securitizations return principal at a faster rate than the pools that are not so selected. Hence in the absence of a price discount to reflect the differential payment speeds, MBS pools used as collateral for multi-class securitizations would earn lower returns than the those pools not used in the multi-class market; in other words, the multi-class MBS market is a market for lemons. Employing a model of MBS prices, we estimate that the pools backing multi-class MBS are discounted, on average, by approximately six cents per hundred dollars of principal, with discounts as high as 20 cents per hundred dollars in certain instances.
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Understanding the effects of information asymmetries in the MBS market is also relevant 5 On the other hand, the prices would be inefficient if uninformed agents tend to overbid or underbid for pools, reflecting the limited information available to them. Unfortunately, we are unable to test for pricing efficiency because we know of no continuing source of prices for individual MBS pools. However, our tests to determine which MBS pools are lemons are unaffected by whether the actual market prices are efficient or not.
6 A number of other security design papers have focused on the role of asset bundling in markets with information asymmetries (see, for example, Diamond and Verrecchia (1991) ; Boot and Thakor (1997) ; Glaeser and Kallal (1997) ). These papers focus on the information asymmetries between security issuers, investmentbank intermediaries, and final investors. None of these papers contain empirical tests; to our knowledge this paper is the first to use data on multi-class securities to test the lemons theory.
7 Recalling that the total size of the market for structured MBS is several hundred billion dollars, the aggregate discount is substantial.
to public policymakers and market participants. Informational asymmetries in this market are important to policymakers because regulatory oversight dictates many aspects of the MBS market structure and likely contributes to the dominance of the GSEs in both MBS trading and portfolio investment. Furthermore, the functioning of the market is of concern to policymakers who focus on the interests of U.S. homeowners, since about two-thirds of residential mortgage loans originated in the U.S. are securitized. MBS are also very widely held investment instruments, hence issues related to the performance of MBS are likely to have implications for the broader U.S. financial markets, as well.
This paper is organized as follows. In the next section, we discuss the institutional details and information asymmetries in the market for Freddie Mac PCs. Section 3 lays out our strategy for identifying PCs that are lemons and presents our empirical results. Section 4 concludes.
Information Asymmetries and Freddie Mac PCs

Market Overview
Most Freddie Mac PCs have been issued through the 30 Year Gold Program. As shown in Table 1 , total monthly pool issuance from 1991 through 2002 was 85,988 pools which in aggregate accounted for 12.5 million mortgages and $1.5 trillion of mortgage principal. The recent refinancing boom of 2001 and 2002 coincided with the introduction of 15 year Freddie Mac PCs, however, for the most part PCs are collateralized with 30-year mortgages. The Balloon PCs are collateralized by mortgages that amortize over 30 years but are due in full in five or seven years; Mini PCs are smaller seasoned pools. As can be seen from Table 1 , these latter two types of collateral back only small shares of total PC issuance.
Freddie Mac issues most of its PCs through swap programs in which mortgage originators accumulate conforming mortgages into pools that are then swapped for Freddie Mac PCs. The PCs obtained by the originators via swaps are collateralized by the same mortgages that the originator transfers to Freddie Mac. The pool sizes are surprisingly small, averaging just 172 mortgages in 2002. In Table 2 , we provide some summary statistics for the 61,929 unseasoned PC pools in our sample. Unseasoned pools are those with a weighted-average remaining term of 359 or more months at the time of origination. We focus on these pools in our empirical analysis because forecasting the seasoning patterns of mortage pools is a key element in selecting lemons.
8 For these pools, the weighted average coupons vary by year reflecting the term structure of interest rates at the time of origination; in general, long-term interest rates are falling over our sample period, as reflected in the declining weighted-average coupon rates. In our empirical tests, we focus on unseasoned pools with a weighted average remaining term of 359 months at the origination of the pool. The average balance in these pools ranges from about $2.6 million to $27.6 million and the trend appears to be toward larger pool balances in the later years of the sample. Freddie Mac and Fannie Mae both repurchase large shares of their own guaranteed pools, as well as pools of the other GSE. As shown in Figure 1 , beginning in 1993, Freddie Mac has steadily increased its holdings of its own PCs. By year-end 2002, Freddie Mac's portfolio holdings of it own PCs accounted for $393 billion out of the total outstanding stock of $1.162 trillion. Freddie Mac repurchases its PCs through trades with investment banks in a brokered market. 
PC Market Microstructure
Freddie Mac PCs are traded on both a to-be-announced and a pool-specific basis. Unfortunately, there is no publicly available information documenting aggregate trade volumes on these markets. Moreover, there is little information concerning the trade volumes in individual securities, but the information that does exist suggests that individual pools do not trade frequently.
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In the to-be-announced (TBA) market, pools are traded for forward delivery on a specified settlement day. Prices quoted in the TBA market are for contracts that specify only the type of PC (e.g., 30-year fixed rate Freddie Mac Gold PC), the weighted average coupon, and the date of delivery. Pools to be assembled for future delivery do not have determinate pool-specific characteristics at the time of forward contracting, so it is not feasible to embed such pool-specific characteristics into the prices of the forward contracts.
As suggested by Glaeser and Kallal (1997) , one possible interpretation of the TBA market is that the TBA prices coalesce around the worth of the least valuable, but deliverable, mortgage pools.
11 The market gains liquidity from TBA trading if there is less uncertainty about the value which the market should assign to the worst security than about the values which the market should assign to more valuable securities. As shown by Gorton and Penpool as it ages. 9 These purchases are primarily financed by the issuance of Agency bonds. 10 According to the Bond Market Association, in 2004 the daily trading volume for third party trades of MBS equaled about 4% of the outstanding value, compared to a 6% ratio for U.S. Treasuries.
11 Mortgage originators are also active traders of the PCs obtained through the swap market; these PCs are collateralized by their own mortgages. From the viewpoint of the originator the decision to sell a pool TBA must reflect a trade-off between the opportunity cost of not selling versus the cost of selling at a price below fair value price.
nachi (1990) the traded security in such a market would be free from idiosyncratic risk and vulnerable only to systematic risk.
The pool-specific market-the stipulations (STIPs) market-is an important alternative to trading Freddie Mac PCs. In this market, pool specific information is available on the identity of the mortgage originator, and, more recently, borrower credit scores, the geographic composition of the pool, loan-to-value ratios, and pool termination histories.
12 In theory,
PC prices should impound all of the known factors that determine the expected cash flows of the pools. Presumably, traders who could achieve the most accurate predictions of future cash flows would be at an informational advantage in the STIPs market.
The REMIC Market
The multi-class MBS, or "REMIC", market is another important source of demand for PCs.
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As noted earlier, an important benefit of the multi-class structure is that some of the classes can be assigned higher priority claims on the underlying mortgage cash flows, rendering the MBS cash flows relatively more predictable even if the underlying pools exhibit termination rates that fluctuate substantially through time. The single-class PCs that underlie Freddie Mac's REMIC securities are contributed by investment banks and Freddie Mac from their respective inventories. In exchange they obtain pro-rata shares of the REMIC securities. Freddie Mac also earns a fee for its work in creating the multi-class security, and the investment banks profit if the aggregate value of the multi-class security exceeds the value of the single-class PCs from which it was created.
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In Figure 2 , we plot the breakdown of unseasoned PC balances backing multi-class (REMIC) and single-class (non-REMIC) MBS.
15 The outstanding share of PC balances that were held in non-REMICs grew dramatically starting in 1997. As can be seen by comparing figures 1 and 2, the relative decrease in the outstanding proportions of PCs that were securitized into REMICs is coincident with the rise in Freddie Mac's purchases of PCs for its retained portfolio. The share of REMIC to non-REMIC principal converged in late 2002, largely due to the very rapid payout rates on the non-REMIC collateral.
12 Pool-specific informtion on credit scores and the loan-to-value distibutions for the pools were not made available before June of 2003 13 The acronym "REMIC" refers to Real Estate Mortgage Investment Conduit, a special legal structure used to issue structured MBS; the term "collateralized mortgage obligation" or "CMO" often refers to the same legal structure. Henceforth we use the terms REMIC and multi-class MBS interchangeably.
14 This requires that the markets be initially incomplete, in the sense that the cash flow patterns offered by the multi-class security did not previously exist in the market. See Oldfield (2000) for a further discussion of how value is added by the creation of multi-class securities.
15 Many PC pools had fractions of their overall principal balance allocated to REMICs and many PC pools were fractionally allocated to a number of different REMICs. We assigned all of these fractional principal allocations to their respective REMIC and non-REMIC market segments. (DeMarzo and Duffie (1998) ). Superior termination information in the REMIC market can be used to more accurately value the subordinate REMIC classes in which most of the termination risk resides; since Freddie Mac is the better informed agent, it is likely that they hold these subordinate classes. Unfortunately, we do not have information concerning where in each REMIC bond structure Freddie Mac concentrates its purchases, so this conjecture cannot be verified.
As noted above, Freddie Mac and the investment banks receive prorated shares of newly created REMICs. However, the shares depend on the principal value, and not the market price, of the single-class PCs they contribute to the pool of PCs backing the REMIC securities. There is thus a strong incentive for each firm to provide only low value PCs as their contribution to the underlying pools. To be sure, other factors will also enter into the decision of which PCs to contribute. For example, this procedure provides a convenient outlet for the investment banks to sweep their inventory of small bits and pieces of PCs into REMIC pools, which otherwise would have to be sold at a discounted price as odd lots. In any case, the outcome is that the single-class PCs used to create REMICs are likely to be lemons relative to the PCs that are not used for this purpose. In the next section, we will consider the degree to which pools selected to back REMICs are, in fact, lemons.
3 Are Multi-Class MBS Lemons?
An important feature of the Freddie Mac PC market is that the true quality of all PCs can be known ex post due to the registration requirements and reporting conventions of the securitized mortgage bond market. Freddie Mac provides publicly available information on the termination speeds of all Freddie Mac PCs at the end of every month. It also provides registration reports on the cusips for PC pools that are included in REMICs.
16 . A possible concern is that the timing of these reporting practices might allow the GSE's and the commercial banks to exploit private information on termination speeds. For example, this information could be used to identify which pools should be allocated to the REMIC market rather retained for portfolio investment.
We identify two channels for informed agents to exploit information asymmetries in the PC market. A tactical selection channel is associated with market timing and exploiting the short-run persistence of termination speeds. The tactical selection channel enables informed agents to identify and reject lemon pools using pool-specific termination speeds that are known before other agents in the market.
17 The tactical selection channel operates through short-run timing effects at pool origination. Informed agents exploit early arriving information on the initial termination experience of PC pools to forecast future cumulative termination speeds. For this channel to be a viable mechanism, a pool's early termination speed must be persistent enough to reliably forecast the later termination speed of the pool. A strategic selection channel is associated with the commercial banks' and Freddie Mac's modelling expertise in long-run forecasting of termination speeds at the pool-level. This channel requires informed agents to identify lemons ex ante. Lemon PCs are those expected to have slow long-run termination speeds in rising interest-rate environments (their weighted average coupons are below the current mortgage rate) and fast long-run termination speeds in falling interest-rate environments (the weighted average coupon is above the current mortgage rate). Pools such as these would then be allocated to the REMIC market where their elevated termination risk can be re-engineered into less risky senior bonds (suitable for uninformed low-yield investors) and risky subordinated bonds (suitable for informed high-yield investors). Pools that are expected to return principal rapidly in rising interest-rate environments, and vice-versa, would be considered non-lemons and would be held directly.
Reduced-Form Analysis
We test for the existence of the tactical and strategic selection channels by regressing the cumulative terminations of PC pools on an ex ante measure of initial terminations for the tactical channel and a contemporaneous measure of cumulative interest-rate changes for the strategic channel.
18 We also include a number of other controls for publicly available information, such as the pool's weighted average origination coupon, the financial institution that originated the mortgages, time dummies for vintage effects, and the cumulative changes in the ten-year Treasury rate over the given holding period. We focus on comparisons of "pure" REMIC pools, where 100 percent of the principal is in REMIC, with pure non-REMIC pools where none of the principal has been re-securitized. Table 4 provides some summary statistics for the variables that we use in our reducedform analysis. The tactical channel is identified as cumulative unscheduled mortgage terminations (prepayments and defaults) over the first three months of a pool.
19 The average three-month cumulative termination rate is 1.3 percent of the original pool balance, with a range from zero to 89 percent, and the standard deviation is quite large, indicating that some pools "burn out" very rapidly while others experience very little in the way of terminations over the first three months. The cumulative termination rates over the longer horizons exhibit a similar high degree of dispersion, and the average cumulative termination rate rises with the investment horizon, as it is natural to expect given how the variable is constructed. The cumulative changes in the ten-year Treasury rate from the fourth month to the end of the holding period are a measure of the pool's exposure to fluctuating Treasury rates given both the pool vintage and the investment holding period. As shown in Table 4 , the mean of this variable becomes more negative as the holding period increases, reflecting the fact that, in general, Treasury rates were falling over the period of study. Like the cumulative termination rates, the standard deviations are quite large, reflecting the wide variation in the interest-rate experiences looking across the vintages of the pools.
We include in our sample only "pure" REMIC and non-REMIC pools-that is, pools that are either entirely or not at all devoted to REMIC re-securitizations. Under this strict definition, REMIC pools account for about 7 percent of the sample; in our restricted sample, REMIC pools make up about 40 percent of the pools. However, there is considerable variation in the share of REMIC pools over the vintages, as suggested by Figure 2 . We also report the market shares of various mortgage originators. The shares are in general low, as there are many originators in that highly competitive segment of the residential mortgage market.
We report the reduced form regression results in Table 5 . We find a positive and statistically significant effect of the cumulative initial termination rates on the subsequent cumulative termination experience for most investment horizons.
20 The statistical and economic
19 Because Freddie Mac guarantees the Gold PCs against default, default events look like prepayments. It is important to emphasize that we do not include scheduled interest and principal payments in our measure; thus the dependent variable is thus one less the survival factor for each pool at each time horizon. See Bartlett (1989) for details on survival factors.
20 It is important to note that here we are conditioning only on the first three months of termination history for each pool. We have also examined the predictive content of three-month average termination rates for future termination rates well after origination. These regressions indicate that, over short horizons, the most importance of the tactical channel, however, appears to diminish over longer investment horizons. For the five year investment horizon, in particular, the short-term tactical advantage of knowing the early pool experience does not allow a statistically significant forecast for future termination rates, though sample-truncation may be an issue at this horizon. At the one-year horizon, the interaction of initial terminations with the REMIC indicator is positive and statistically significant. The interaction term is slightly negative and insignificant for the two-year horizon, but is negative and significant at longer horizons. These results indicate that the behavior of REMIC and non-REMIC pools is very different; positive initial terminations are a signal of faster speeds for REMIC pools over the one-year horizon, but much slower speeds, all else equal, later on, perhaps indicating that these pools tend to "burn out" more rapidly than the non-REMIC pools.
Increases in interest rates damp terminations at all horizons, as indicated by the negative and statistically significant coefficients on the contemporaneous cumulative changes of the ten-year Treasury rate. In general, the results also indicate that REMICs exhibit relatively slower termination speeds when Treasury rates are rising, and increases in speeds when Treasury rates are falling: the interactive effect of the REMIC designation with the cumulative Treasury changes is statistically significant and negative, except at the five year horizon where the coefficient is almost zero but statistically significant. These results suggest that a strategic selection channel also exists for REMIC investments and that this channel is operative over horizons out to about five years. We find that REMIC pools are lemons that return principal relatively slowly in rising rate environments and relatively rapidly in falling rate environments.
The other control variables reported in Table 5 indicate that higher weighted average coupon pools, everything else equal, terminate faster. There also appear to be significant termination heterogeneity across mortgage originators. It appears, for example, that Countrywide pools have statistically significantly higher cumulative termination speeds over most horizons and Suntrust originated pools have statistically significant slower termination speeds over the three through five year investment horizons. Finally, vintage effects are also important in these regressions but the patterns are not particularly informative; we have omitted these results for brevity.
In Table 6 , we report the results of robustness checks for the specifications reported in Table 5. The purpose of these tests is to consider the effects of correlations among our selection measures. In Panel A, we first consider only the strategic channel controlling for the pool's weighted average coupon (WAC) and dropping the tactical channel from the specification. recent termination experience is a powerful predictor of future terminations. We have omitted these results for brevity.
All other aspects of the specification are identical to those used in the Table 5 regression. We find little change in our conclusions that REMIC pools tend to return principal more slowly when interest rates are rising and vice-versa.
Panel B of Table 6 shows that our results are largely unchanged when we focus strictly on the tactical selection channel again controlling for the pool's WAC. Again we find that the early termination experience of a pool is a statistically significant predictor of future speeds over all holding periods. The coefficient estimates on the interaction term are more negative at the longer holding periods, however, suggesting some correlation between the omitted cumulative Treasury variable and initial terminations. Comparing the adjusted-R 2 coefficients across Panels A and B, we see that the cumulative Treasury variable contributes significantly more to the fit than does the initial termination variable. This is to be expected given that the cumulative Treasury variable is a contemporaneous measure.
As a final robustness check, Table 7 presents sensitivity tests focusing on the effects of using different allocation rules to identify pools as either REMIC or non-REMIC. In Panel A of the Table, we consider an allocation rule where a pool is treated as REMIC if 75 percent of its original principal is re-securitized into REMIC, and non-REMIC if 25 percent or less of its balance is re-securitized. In Panel B, we report the results for a 95 percent cut-off rule. In every other way the specifications are identical to those in Table 5 , although we do not report all the coefficient estimates in the interest of brevity. Here again, for both allocation rules we find statistically and economically significant tactical and strategic channels that both forecast rates and are differentiated by the REMIC status of Freddie Mac PCs. The 75 percent cutoff rule produces more consistent coefficient estimates: the initial termination interaction term is consistently negative and significant across the holding periods.
Although our reduced form regressions include a large number of covariates, the adjusted-R 2 values are relatively low and the forecasting accuracy of the specification is poor. The specification is particularly limited in controlling for the timing of terminations, the effect of house price dynamics on mortgage terminations, the interaction of default and prepayment on total termination levels, and the underlying economic structure of mortgage borrowers optimal option exercise policies. Controls for these effects require a richer structural modelling framework that accounts for the effects of rational expectations for future interest rates and house prices and that incorporates explicit controls for borrower-level frictions such as transaction costs and discrete decision-making. In the next section, we turn to such a model. Our purpose is twofold: to reveal that the REMIC designation of a pool is a significant causative factor in the market valuation of PCs, and to provide an estimate of the lemons discount on REMICs.
Structural Analysis
The valuation of mortgage-backed securities has been extensively studied in the finance literature. The models that have appeared in the literature to date can be differentiated by their treatment of the cash flows accruing to the holder of the mortgage-backed security.
"Structural" models typically employ contingent-claims techniques to value the mortgage holders' option to prepay or default on the mortgage. In this framework, any cash flows in excess of scheduled principal and interest reflect the exercise of prepayment or default options by mortgage holders (see, for example, Kau et al. (1995) , Stanton (1995) , and Downing et al. (2005) ). The structural approach has the advantage that the lines of causality between the state variables and investor behavior are clear.
Valuation Framework
We consider two primary sources of risk: interest rates and house prices. These variables enter our valuation equation as risk-factors, and as arguments to other explanatory variables that are essentially transformations of interest rates, house prices, and time, such as the time elapsed since the mortgage-backed security was issued, or the unpaid balance remaining in the underlying mortgage pool.
Interest Rates We assume interest rates are governed by the Cox et al. (1985) model,
where κ is the rate of reversion to the long-term mean of θ r , η is the price of interest rate risk, and φ r is the proportional volatility in interest rates. The process W r,t is a standard Wiener process. We estimated the following parameters for the model using the methodology of Pearson and Sun (1989) and daily data on constant maturity 3-month and 10-year Treasury rates for the period 1968-1998: κ = 0.13131 θ r = 0.05740 φ r = 0.06035 η = −0.07577 House Prices The house price, H t is assumed to evolve according to a geometric Brownian motion:
where θ H is the expected appreciation in house prices, and φ H is the volatility of house prices. Denoting the flow of rents accruing to the homeowner by q H , after risk-adjustment house prices evolve according to:
We calibrate equation (3) as follows:
The value of q H is roughly consistent with estimates of owner-equivalent rents from the BEA, and we estimate the annualized volatility of housing returns from our data on house prices, discussed below. House prices and interest rates are assumed to be uncorrelated.
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Given these models for interest rates and house prices, standard arguments show that, in the absence of arbitrage, the value of the borrower's mortgage liability, M l (H t , r t , t), paying coupon c, must satisfy the partial differential equation:
where λ c , λ p , and λ d are the state and time dependent hazards for seasoning, prepayment and default. We also need to impose boundary conditions. The first three of these are:
where C(r, t) is the value of a callable bond with the same promised cash flows and same prepayment costs as the mortgage, but with no house price dependence. 23 Equation (5) is the terminal condition, reflecting the amortization of the mortgage. Equation (6) arises because all future payments are worthless when interest rates approach infinity, and equation (7) says that when the house price gets large, default no longer occurs, so we only have to worry about prepayment. We need additional boundary conditions specifying the free boundary governing optimal default and prepayment. Prepayment is optimal when interest rates go below some (house price-dependent) critical level, r * (H, t), and default is optimal when the house price drops below some (interest rate-dependent) critical level, H * (r, t). At these boundaries, the mortgage value satisfies the conditions
Equation (8) states that, on the optimal prepayment boundary, the mortgage value is just equal to the remaining balance multiplied by 1 + the appropriate transaction cost. Equation (9) states that, on the default boundary, the mortgage is just equal to the value of the house multiplied by 1 + the default transaction cost.
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Solving equation (4) subject to these boundary conditions gives us the value of the borrower's liability, as well as the locations of the optimal default and prepayment boundaries, which in turn determine the values of the prepayment and default hazard rates, λ p and λ d . Given these values, we solve for the value of the investor's asset, M a .
Option Exercise
The probability that borrowers exercise their options is described by hazard functions (Kalbfleisch and Prentice (1980) , Cox and Oakes (1984) ). Informally, if the hazard function governing some event is λ, then the probability that the event occurs in a time interval of length δt, conditional on not having occurred prior to t, is approximately λ δt. As noted earlier, borrowers might also be forced to prepay or default for nonfinancial reasons (such as divorce, job relocation, or sale of the house), which we assume is also described by some hazard function. We refer to this as the "background" hazard. We assume that the probability of prepayment or default in any time interval is governed by the state-and time-dependent hazard function, λ. The value of λ depends on whether it is currently optimal for the borrower to default or prepay, which in turn is determined as part of the valuation of the mortgage. We model the overall hazard rate governing mortgage 24 There are two additional "smooth-pasting" boundary conditions (see Merton (1973) ), that ensure the optimality of the boundaries r * (H) and H * (r). Our solution algorithm follows Downing et al. (2005) .
termination as:
where β 0 denotes the background hazard, the indicator variable P t is one when prepayment is optimal at time t, and zero otherwise, and the indicator D t is one when default is optimal, and zero otherwise. The atan function captures the idea of "seasoning" (see, for example, Richard and Roll (1989) ), where ceteris paribus new loans terminate more slowly than older loans. In the prepayment region, the termination rate rises over time at a rate governed by β 2 to a maximum rate dictated by the value of β 3 . Similarly, in the default region, termination rates rise at a rate governed by β 4 to a maximum given by β 5 . For simplicity in what follows, we will use the notation given in equation (11) to refer to the hazard rates that apply in the various regions of the state space, where λ c ≡ β 1 , λ p ≡ β 2 atan t β 3 P t , and
Transaction Costs and Borrower Heterogeneity
Under the structural modeling approach outlined above, mortgage terminations arise from the exercise of options by mortgage holders. Option exercise, however, usually involves both direct monetary costs, such as origination fees and mortgage closing costs, as well as implicit costs, such as the time required to complete the process. We model all of these via a proportional transaction cost, X p ≥ 0, payable by the borrower at the time of prepayment. Prepayment is optimal for the borrower if:
Different borrowers might face different transaction costs. To account for this possibility, we assume that the costs X p are distributed according to a beta distribution with parameters β 5 and β 6 . This distribution is chosen because it can take many possible shapes, and is bounded by zero and one. Its mean and variance are:
Like prepayment, defaulting incurs significant direct and indirect costs, such as the value of the lost credit rating. We model these costs via another proportional transaction cost, X d , payable by the borrower at the time of default. Default is optimal for the borrower if:
For computational tractability, we assume that X d = 0.05 (five percent of house value).
Structural Model Coefficient Estimates
We estimate the hazard parameters and the parameters of the transaction cost distribution following the methodology of Downing et al. (2005) . In columns 2-3 of Table 8 , we report the results for the sample of all Freddie Mac PCs issued over the period. We retain the restriction that the pools must contribute no principal to REMIC deals or be devoted entirely to REMIC; after these restrictions, our sample consists of 33,024 pools and 2,472,183 poolmonth observations. Since the sample size is very large, it is not surprising that all of the coefficient estimates are highly statistically significant. The parameter β 1 governs the background hazard rate, while β 2 and β 3 govern the time dependent seasoning component of the hazard rate. The estimate for β 1 indicates that approximately 0.06 percent of a pool's balance (at a monthly rate) is expected to be returned as a result of prepayments or defaults not predicted by movements in interest rates or house prices. The estimates for β 2 and β 3 show that the prepayment hazard rate rises from 1.75 percent after 3 months to 7.14 percent after five years.
25 The prepayment rate then rises more slowly to 7.7 percent by the end of the scheduled life of the pool. The estimates of β 4 and β 5 indicate that the default rate rises from 1.58 percent after three months to 11 percent after five years. The higher rate relative to prepayment indicates that, conditional on default being optimal, more borrowers do in fact default out of the pool. The default rate then rises slowly to 12.8 percent by the end of 30 year period. The estimates of β 5 and β 6 -the parameters determining the distribution of transaction costs in the borrower pool-indicate that the mean of the transaction cost distribution is about 15 percent of the remaining balance with a standard deviation of 12 percent. These results suggest that borrowers face important costs associated with mortgage refinancing and that there is considerable heterogeneity in these costs across borrowers in the pools.
Columns 4-5 display the estimation results for the REMIC subsample, and columns 6-7 display the results for the non-REMICs. As can be seen, the REMICs exhibit a slightly slower pace of background terminations than the non-REMICs (β 1 = 0.00367 < 0.00509). Furthermore, the prepayment and default hazard rates are slower for the REMICs. Focusing first on prepayment rates, the hazard coefficients β 2 and β 3 indicate that, five years after origination, non-REMICs prepay at a rate of 9.7 percent of pool balance per month, while REMICs pay at a rate of only 7.6 percent. The non-REMIC prepayment rate reaches a maximum of 11.2 percent, while the REMIC prepayment rate reaches a maximum of only 8.3 percent.
Turning to the default hazards, characterized by the coefficient estimates β 4 and β 5 , after five years the pace of defaults in non-REMIC pools is about 2 percentage points higher than in REMIC pools. This gap narrows to about 0.5 percentage points at the end of the scheduled thirty year term. As noted above, due to the principal guarantee of Freddie Mac, defaults generate a return of principal just like that of prepayments. For purposes of this paper, we assume that there is no probability that Freddie Mac will fail to honor its guarantee.
Finally, we consider the coefficients governing the distribution of transaction costs β 6 and β 7 . The coefficient estimates indicate that the mean transaction cost in the REMIC sample is 14.8 percent with a standard deviation of 11.7 percent; in the non-REMIC sample the mean is 15.3 percent with a standard deviation of 12.5 percent. Hence the non-REMIC pools exhibit termination rates consistent with slightly higher transaction costs, offsetting some of the effects of the differential hazard rates discussed above. Nevertheless, on net the REMIC pools return principal more slowly than the non-REMIC pools on average over the sample.
To determine whether or not there is a statistically significant difference between the REMIC and non-REMIC coefficient estimates, we test the null hypothesis that β R = β N R , where β R denotes the coefficient estimates for the subsample of REMIC pools and β N R denotes the coefficient estimates for the subsample of non-REMIC pools. The test statistic is given by:
where SSR denotes the sum of squared residuals from the regression:
Here y denotes the observed monthly termination rates,ŷ the predicted termination rates, J the Jacobian ofŷ evaluated at the estimated coefficients, and b is a nuisance vector of coefficients. Bothŷ and J are computed at the coefficient estimates for the pooled sample. The terms SSR R and SSR N R denote the squared errors from the same regression where the sample is restricted to REMIC pools and non-REMIC pools, respectively. The statistic f is distributed F (p, N − 2p) under the null hypothesis. For the parameters below, the 95 percent critical value of the F-statistic is approximately two. See Davidson and MacKinnon (1993) and Gallant (1975) for more details on this specification test. As shown in Table 9 , we easily reject the null hypothesis that the market valuation models for REMIC and non-REMIC pools are equivalent and accept the alternative hypothesis that the market would value the two types of pools differently if a pool's ex post designation as REMIC were known ex ante. These results provide strong evidence that there is a missing factor in the valuation model and the factor is associated with whether or not a PC pool is re-securitized in the REMIC market.
Finally, it remains to estimate the economic implications of the speed differences that we have identified above. Unfortunately, as we discussed earlier, due to data limitations we cannot simply look at the relative prices of REMIC and non-REMIC pools to assess the lemons discount that the market applies to discounted REMIC pools. However, we can use our structural model to compare the estimated prices of otherwise identical pools as a way of estimating the magnitude of the lemons discount.
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We computed estimates of the lemons discount as follows. First, we matched REMIC and non-REMIC pools issued on the same date with exactly the same coupon. This reduced the sample to just 487 matched observations. We then subtracted the fitted non-REMIC new-issue price from the fitted REMIC new-issue price. The resulting lemons discount ranges from $-0.2 to $0.12 per hundred dollars of principal, with negative values (premia on REMIC pools relative to non-REMIC) when the MBS are priced to a premium, and positive values (discounts on REMIC pools relative to non-REMIC) when the MBS are priced at a discount, as expected. In order to make the presentation of these results more manageable, we regress the estimated lemons discounts on the 10-year Treasury rate and the difference between the weighted-average coupon and the Treasury rate. As can be seen in Table 10 , these two factors explain 95 percent of the variation in lemons discounts (the remaining variation is due to the other components of the model that we have omitted, such as house prices). As noted earlier, as the spread between the coupon to the Treasury rate rises (the MBS is priced at a premium), the lemons discount falls. Holding the spread constant, a higher Treasury rate is correlated with lower lemons discounts; higher Treasury rates in our model are associated with flatter term structures under which the slow paying properties of the REMIC pools are less important.
In terms of yield-to-maturity, these results indicate differences of roughly 3-5 basis points between the pools. Given the scale of the REMIC market, these differences are clearly economically meaningful. Nevertheless, we view these estimates as lower bounds, owing to some of the features of our model. First, in the model we assume that interest rates are generated according to a square-root diffusion process. As is well known, this process cannot capture the full range of term structures that are observed in practice. In particular, the upward-sloping term structure yet fairly steep downward movements in long-term rates that are observed in our sample are hard to capture in this model. Moreover, we are only able to capture the long-term average speed differences in pools under our model-it is an equilibrium model. Presumably a more flexible interest-rate process, would allow greater flexibility in the term structure process, and termination processes that reflect expectations for changes in long-term rates would enhance the ability of the model to price REMIC and non-REMIC pools.
Conclusions
In this paper, we have presented evidence indicating that the market for multi-class MBS is a market for lemon mortgage pools. Because the MBS market is characterized by a high degree of information asymmetry between key participants, a lemons discount would be applied to all of the pools sold by the informed players-the GSEs and investment banks that form the mortgage pools and market the MBS. In this situation, only low-quality MBS would be traded. However, as predicted by Akerloff (1970) and formalized in DeMarzo and Duffie (1998), the market has evolved a solution to this dilemma: the capital structures of multi-class MBS represent this market response, and indeed, as we show, lower-quality pools tend to end up backing multi-class MBS. The pricing of the multi-class securities can remain efficient because the lower tranches, which are most exposed to the termination behavior of the lemon pools, can be traded and priced efficiently by the informed traders. The upper tranches, which are insulated from the payment behavior of the mortgage pool, are traded by uninformed investors. The markets for other types of structured financial products has exploded over the past ten years. Is the growth of these markets driven by a lemons discount on the underlying assets and an associated market response? For example, in the commercial mortgage sector, pooling and tranching are now used to fund a share of total outstanding mortgages that exceeds the share funded through insurance companies, traditionally one of the largest lenders to this sector. Given the similar information asymmetries in commercial and residential mortgage markets, it is plausible that at least part of the rapid growth in commercial mortgage-backed securities represents a market response to the lemons problem. One might also draw similar conclusions about credit-card backed, auto-loan backed, and other asset-backed securities where information asymmetries between the originators of the underlying assets and the final investors providing capital to the sector would otherwise invoke a lemons discount on the assets. Further research into this issue would likely be fruitful.
Recently, the GSEs have been accused of "cherry picking" MBS pools-using their superior information to identify lemon MBS pools. As is well known, the GSEs have access to monthly pool payment information before anyone else in the market. Our results confirm that this preferential access to monthly prepayment speeds could be highly useful in choosing specific pools to hold in a portfolio. We are not surprised, therefore, that the GSE regulators are finding direct evidence that the GSEs have used their inside information to "keep the best and sell the rest."
27 It should also be noted, however, that Freddie Mac likely faced a lemons discount on the PCs that it tried to sell; the efficiency of the prices of these PCs remains an open question. The table displays coefficient estimates from regressions of pool-level cumulative termination rates on the weighted-average origination coupon for each pool, the cumulative change in the ten-year Treasury rate over the indicated horizon and its interaction with a dummy variable for pools with 100% allocation to REMIC, and the cumulative terminations over the first three months from the origination of a pool, also interacted with the REMIC dummy. Coefficient estimates on the dummy variables for pool origination vintage are available upon request.
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Panel The table displays the nonlinear least-squares estimates of the coefficients of the structural model. The coefficient β 1 summarizes termination speeds when continuation of the mortgage is optimal. When a mortgage is in the region of the state-space where prepayment is optimal, the relevant hazard rate is determined by: λ p = β 2 atan(t/β 3 ), where t is the number of months since the mortgage was originated. When default is optimal, the hazard rate is determined by: λ d = β 4 atan(t/β 5 ). The coefficients β 6 and β 7 define the transaction cost distribution; the mean transaction cost is given by β 6 /(β 6 + β 7 ). The "Pooled" model is estimated on 33,024 pools that are either wholly or not at all devoted to REMIC deals. The time period is 1991-2002. The pools are clustered into 34 coupon groups distributed over a grid from a minimum coupon of 5.75% up to 9.875%, where the increment between each coupon group on the grid is 12.5 basis points. The All PC sample is further sub-divided into two pieces: the REMIC subsample, defined as pools devoting all of their principal to REMIC deals, and the non-REMIC pools subsample, defined as those pools that contribute no principal to REMIC deals. The REMIC model is estimated on 13,430 pools on the same grid of coupon rates as the full sample; the non-REMIC subsample is estimated on the balance of the pools. The table displays the results of the test of the null hypothesis that β R = β N R , where β R denotes the coefficient estimates for the subsample of REMIC pools, and β N R denotes the coefficient estimates for the subsample of non-REMIC pools. The test statistic is given by:
where y denotes the observed monthly termination rates,ŷ the predicted termination rates, J the Jacobian ofŷ evaluated at the estimated coefficients, and b is a nuisance vector of coefficients. Bothŷ and J are computed at the coefficient estimates for the pooled sample. The terms SSR R and SSR N R denote the squared errors from the same regression where the sample is restricted to REMIC pools and non-REMIC pools, respectively. The statistic f is distributed F (p, N − 2p) under the null hypothesis. For the parameters below, the 95 percent critical value of the F-statistic is approximately two. See Davidson and MacKinnon (1993) and Gallant (1975) where LD t is the lemons discount estimate on date t produced by the structural model, T 10 is the 10-year Treasury rate on date t and Spread is the spread between the weighted average coupon on REMIC and non-REMIC pools on date t. The regression is carried out on 487 matched observations of REMIC and non-REMIC pools originated with the same coupon on the same date. The average of LD over the sample is $−0.064 per $100 of principal; the average of the positive lemon premia is $0.039 per $100 of principal. The sample average of T10 is 6.068, and the sample average Spread is 1.596, both measured in percentage points.
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